A practical limitation to the identification of genetic profiles predictive of drug-induced adverse events is the number of patients with the adverse event that can be tolerated before the drug is withdrawn. Whole genome screening for regions of linkage disequilibrium (LD) associated with a particular phenotype may provide the mechanism to rapidly discover specific and sensitive profiles. We have used data from a large phase III clinical trial of tranilast and typed 76 SNPs over a 2.7 megabase region flanking the uridine diphosphate glucuronosyltranserferase 1A1 gene. Three SNPs within one LD block showed strong association with tranilast-induced hyperbilirubinemia (Po10 À13 ). Our data illustrated that a genome-wide LD scan of 100 000-200 000 SNPs is sufficient to identify a pharmacogenetic association with a drug-induced adverse event.
INTRODUCTION
Whole genome linkage disequilibrium (LD) screening using single-nucleotide polymorphisms (SNPs) is a practical reality. [1] [2] [3] [4] The seminal questions are: How few patients with adverse events (AE) does it take to recognize a LD pattern, how many patients are required to confirm the pattern, and what is the practical SNP density for genome-wide LD mapping? Prediction parameters can then be applied prospectively to identify patients at risk who could be advised not to take the drug.
There is much debate around the number of SNPs required to construct an SNP map with acceptable power to perform genome-wide association studies. A theoretical prediction suggested that 500 000 SNPs would be required, 3 while others suggested that a map of 100 000-200 000 SNPs would be sufficient for a genome-wide association scan. 1, [4] [5] [6] Recent examination of the LD patterns on chromosome 22 and chromosome 19 showed many peaks and valleys of LD, highlighting the complexity of LD in the genome and the challenges of defining a genome-wide association SNP set. 2, 7 The arrival of results of the HapMap project, which defines patterns of LD across the genome, will assist scientists to develop an LD-based association scan map. 8 Sets of tagging SNPs (tSNPs) selected on the basis of LD to represent genetic variation in the genome or in the regions of interest may well be used in future association studies. 5, 9 However, as such genome-wide tSNPs are not currently available, most previous or current LD studies have been adopting an 'evenly-spaced SNP' approach, or selecting SNPs randomly and/or subjectively, or using all available SNPs in the database.
We have used the data from a large phase III clinical trial of tranilast, where approximately 12% of patients developed drug-induced hyperbilirubinemia. 10, 11 We demonstrated that a Gilbert's syndrome variant a TA repeat polymorphism in the uridine diphosphate glucuronosyltranserferase 1A1 (UGT1A1) gene predicted genetic susceptibility to the drug-induced adverse effect. 10, 12 We used this defined adverse event and an SNP scan across the genomic region containing the UGT1A1 gene to test the feasibility of using a genome-wide LD scan to identify a pharmacogenetic effect. Based on the availability of SNPs in the database and current understanding of LD during the design of this study, we used an evenly spaced SNP LD scan approach.
RESULTS

Associations Between SNPs and Tranilast-Induced Hyperbilirubinemia
The SNPs employed in this study were identified using dbSNP (dbSNP database, build 101). The initial set consisted of 76 SNPs spanning 2.7 Mb, encompassing the UGT1A1 gene on chromosome 2. Where possible, SNPs were chosen for their evenly distributed locations across the region, with an average spacing of 1 SNP every 30 kb to represent the density of a genome-wide scan with 100 000 SNPs. The SNP map constructed was not optimal, reflecting the SNP distribution in the database at the time of our selection (dbSNP database, build 101). The SNP database has improved since our initial SNP selection, and a recent examination of the SNPs available in the region revealed no remaining gaps in SNP coverage (dbSNP database, build 115).
We genotyped the 76 SNPs on 1231 subjects consisting of 146 cases and 1085 controls. Significant association was found between 10 SNPs and tranilast-induced hyperbilirubinemia (Po0.05), with three SNPs showing significant levels at Po0.001 (P ¼ 3.6 Â 10 À19 for rs869283, P ¼ 7.4 Â 10 À15 for rs871514, and P ¼ 1.9 Â 10 À13 for rs1875263) (Figure 1a ). These three SNPs spanned a region of 8 kb, located 40-48 kb upstream of the TA repeat polymorphism in the UGT1A1 promoter. This initial observation was reinforced upon genotyping further SNPs from a defined area of 459 kb encompassing UGT1A1. A total of 99 SNPs were analyzed within this region, giving an average density of 1 SNP every 4.6 kb. In all, 16 SNPs showed significant (Po0.05) association with tranilast-induced hyperbilirubinemia, including rs887829 which showed the strongest association at P ¼ 9.6 Â 10 À23 (Figure 1b ). This marker is located 324 bp upstream of the TA repeat in UGT1A1, and the two polymorphisms are in complete LD (r ¼ 1). It is known that if, as in a pharmacogenetic setting, cases are difficult to ascertain, a study can borrow strength from the use of a large control set. Our data provided an opportunity to demonstrate the point empirically. When sequentially decreasing the number of cases from 146 to 10 while keeping the number of controls constant at 1085, significant association was detected between rs869283 and the phenotype (Po0.05). Although the significance levels in this investigation reflect the large genetic effect under study, our data illustrate that the likelihood of identifying a pharmacogenetic association with relatively few patients is increased considerably by using a larger control cohort.
Correlation of SNP Density and LD Coverage
Analysing LD (D 0 ) for the initial set of 76 SNPs identified four LD blocks, covering 10% of the 2.7 Mb region ( Figure  2a) . The three most significant markers associated with the adverse event were all located in one of these LD blocks (block d) containing UGT1A1. Increasing marker density in the subsequent experiment had a dramatic effect on LD block coverage (Figure 2b) the five markers strongly associated with hyperbilirubinemia could be found in an LD block of 46 kb (block D, Figure  2b ), which also contained the TA repeat polymorphism of UGT1A1. There were also SNPs less significantly associated with the AE located outside this LD block (Supplement Table 1 ).
DISCUSSION
A major question for pharmacogenetic profile screening is whether the SNP density is appropriate for the employment of whole genome LD mapping using a practical number of SNPs. The SNP density used in our experiment was designed to reflect the expected SNP density when scanning the whole genome with 100 000 SNPs. We demonstrated that a pharmacogenetic effect, tranilast-induced hyperbilirubinemia, would have been identified using such a genome scan. The application of learnings from this example should be tempered by the understanding that the impact of UGT1A1 mutations on the observed phenotype is extremely powerful. Nearly 40% of the cases carried the defective gene, with an odds ratio of 8.2. 10 Other strong pharmacogenetics effects reported include the association between the HLA-B57 and hypersensitivity reactions to abacavir, with an odds ratio of 23.6. 13 There is little doubt that the strength of such genetic associations is so startling that it would immediately focus attention on the relevant chromosomal regions following a genome scan. It is equally fair to highlight that pinning down 'culprit' region(s) for less significant effects would be more of a challenge. [14] [15] [16] [17] Variable levels of phenocopy, penetrance and genetic heterogeneity may all contribute to decreasing the possibility of a successful SNP genome scan in other pharmacogenetic observations.
We applied the 'evenly spaced' approach to select the initial marker set due to the absence of LD information between these markers at the time of selection. There is much discussion in the literature of the relative merits of 'evenly spaced' and tagging SNP LD scans. 5, 9 To address the question of whether tSNPs will adequately represent other genetic variants to allow the localization of regions associated with a genetic effect, we applied two SNP selection procedures 18 to our high-density SNP set. We obtained 20-30 tSNPs from the original set of 99 SNPs to represent the 459 kb region. These tSNPs were equally successful in locating the region containing UTG1A1 (data not shown). Scaling up this finding, we estimated that 150 000-200 000 tSNPs would be required for whole genome LD scans, which may well provide a good balance between the cost and risk for association studies.
Patterns of LD blocks are known to be associated with marker density. 5, 7, 9 We observed that the probability of detecting LD blocks was highly correlated with the SNP density employed. At low marker density (1 SNP every 36 kb), 10% of the region was represented by LD blocks, whereas at high marker density (1 SNP every 4.6 kb), 70% of the region was represented by LD blocks (Figure 2) . A lowdensity SNP scan allowed us to locate the 'region of interest', while subsequent high-density mapping provided a better understanding of the LD pattern in this region and ultimately led to the identification of the causative polymorphism. Our data support the approach of fine mapping the 'region of interest' with high-density SNPs or all SNPs to locate the functional polymorphism, once an initial positive association is identified in a low-density LD scan.
Pharmacogenetic analyses designed for rapid identification of patients' genetic profiles correlated with either efficacy or AEs during the course of drug development are often limited by the number of patients available. This is particularly true for AEs, where the question of how few patients it takes to recognize a highly sensitive and specific pattern associated with the phenotype is an important consideration. Schork et al 19 demonstrated with statistical models that increasing the number of matched controls could increase the power of a study. The results presented here are consistent with analytical calculations concerning power, and, although the extreme significance levels reflect the magnitude of the genetic effect under study, the data illustrate the power increases gained from using a large control set, when cases are few. This is particularly useful in studies of uncommon adverse events when the number of patients exhibiting this phenotype should be kept as low as possible. Bowman 20 recently proposed a simple diagnostic likelihood ratio-based, empirical Bayes Factor framework for pharmacogenetic surveillance, which uses the practice of taxonomy as a model. This supervised, sequential, multipoint simulation and counting method estimates/visualizes the average objective positive evidence a reported individual gives in classifying adverse event cases as genetically different from controls. The tranilast data support this mathematical framework and suggest that only a limited number of adverse event patients, with a larger set of controls, are sufficient to recognize an area of the SNP profile associated with the phenotype. Once determined, the SNP pattern was as 'diagnostic' as the TA repeat, thereby mimicking the situation for disease genes where population controls are historical in discovery publications and are not performed again with each new patient who presents with the phenotype. It should also be noted that, had tranilast been approved for marketing, a simple bilirubin test before receiving the drug and at a month after taking the drug would have clinically defined this genetic risk, in this case for a phenotype that is not associated with major liver complications. Multiple loci identified by SNP mapping might well be developed clinically into simple tests and not necessarily DNA profiles.
In summary, the availability of high-throughput SNP genotyping methods will contribute towards making genome-wide SNP scans much more feasible. An SNP map constructed with LD information will allow standard maps to be developed and reduce the cost of genome-wide association studies. Furthermore rapid and automated statistical tools remain to be developed to analyze the large data sets that would be generated. Additional candidategene and candidate-region studies will help researchers gain a better idea of sample sizes required to provide enough power and thus confidence in genome-wide association results, which may help to identify the genetic basis of common diseases and medicine responses. The data presented here suggested that a genome scan of 100 000-200 000 SNPs would have allowed identification of the polymorphism predisposing some individuals to tranilastinduced hyperbilirubinemia.
MATERIAL AND METHODS
Samples
Written informed consent to perform genetic analysis was obtained from 1231 Caucasian individuals who had participated in the PRESTO (prevention of restenosis with tranilast and its outcomes) clinical trial. 21 Patients over the age of 18 years were collected from the United States. DNA was extracted using a nucleon DNA extraction and purification kit (Tepnel Life Sciences PLC, UK). In all, 146 individuals had greater than 2.0 mg/dl of total bilirubin following administration of tranilast and were defined as cases. A total of 1085 individuals had equal to or less than 2.0 mg/dl of total bilirubin following administration of tranilast, and were defined as controls in this study. 10 
SNP Genotyping
The Amplifluort SNP genotyping system (Serologicals Corporation s ) was employed to validate and type these SNPs. Reagents, including dNTPs, PCR reaction mix, and FAM and JOE labeled Amplifluort Uniprimerst were supplied by Serologicals Corporation s . Metabion GmbH (Germany) supplied the oligonucleotides. An ABI 7900HT was used to read fluorescence signals for each sample.
Statistical Analysis
Associations between the genotypes and phenotypes were assessed using Fisher's exact test. PROC FREQ 22 computed exact P-values by generating R Â C tables using a network algorithm developed by Mehta and Patel. 23 Pairwise LD between SNPs was measured using both the D 0 statistic 24 and the correlation coefficient r. 25 An LD block was defined as consisting of a minimum of three markers with more than 90% of marker pairs within the block, with an absolute D 0 value X0.8.
